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ABSTRACT Niemann–Pick type C disease (NP-C) is an
inherited neurovisceral lipid storage disorder characterized by
progressive neurodegeneration. Most cases of NP-C result from
inactivating mutations of NPC1, a recently identified member of
a family of genes encoding membrane-bound proteins containing
putative sterol sensing domains. By using a specific antipeptide
antibody to human NPC1, we have here investigated the cellular
and subcellular localization and regulation of NPC1. By light and
electron microscopic immunocytochemistry of monkey brain,
NPC1 was expressed predominantly in perisynaptic astrocytic
glial processes. At a subcellular level, NPC1 localized to vesicles
with the morphological characteristics of lysosomes and to sites
near the plasma membrane. Analysis of the temporal and spatial
pattern of neurodegeneration in the NP-C mouse, a spontaneous
mutant model of human NP-C, by amino–cupric–silver staining,
showed that the terminal fields of axons and dendrites are the
earliest sites of degeneration that occur well before the appear-
ance of a neurological phenotype. Western blots of cultured
human fibroblasts and monkey brain homogenates revealed
NPC1 as a 165-kDa protein. NPC1 levels in cultured fibroblasts
were unchanged by incubation with low density lipoproteins or
oxysterols but were increased 2- to 3-fold by the drugs proges-
terone and U-18666A, which block cholesterol transport out of
lysosomes, and by the lysosomotropic agent NH4Cl. These studies
show that NPC1 in brain is predominantly a glial protein present
in astrocytic processes closely associated with nerve terminals,
the earliest site of degeneration in NP-C. Given the vesicular
localization of NPC1 and its proposed role in mediating retro-
endocytic trafficking of cholesterol and other lysosomal cargo,
these results suggest that disruption of NPC1-mediated vesicular
trafficking in astrocytes may be linked to neuronal degeneration
in NP-C.

Niemann–Pick type C disease (NP-C) is a progressive and fatal
neurodegenerative disorder that has been linked to two separate
genetic loci, NPC1 (major locus) and NPC2 (1–3). The human
NPC1 gene has been identified recently through positional clon-
ing and shown to encode a 1,278-aa protein, which shares
homology with several proteins that regulate cholesterol ho-
meostasis such as 3-hydroxy-3-methylglutaryl-CoA (HMG CoA)
reductase and sterol regulatory element binding pro-
tein cleavage-activating protein (SCAP), as well as with
PATCHED, the receptor for the morphogen Sonic hedgehog (4).
The chromosomal location and identity of the NPC2 gene remain

unknown, although mutations in both NPC genes cause identical
biochemical and clinical NP-C phenotypes.

The predicted structure of the NPC1 protein contains several
functional domains including a unique NPC segment that is highly
conserved between the human, mouse, Caenorhabditis elegans,
and Saccharomyces cerevisiae NPC1 homologs, and 13 putative
transmembrane domains that include a potential sterol sensing
domain. The NPC domain (residues 55–164) is marked by 8
cysteine residues with conserved spacing between all NPC1
orthologs (4, 5). Within this domain is a leucine zipper motif
(residues 73–94), which may be the site of interaction with other
proteins. Human NP-C is caused by insertion, deletion, and
missense mutations of the NPC1 gene (4). A spontaneous mouse
model of NP-C, the BALByc NPC12/2 mouse, which shows
disruption of the NPC1 gene, is characterized by an intronic
insertion of retrotransposon-like sequences from the mammalian
apparent long terminal repeat-retrotranspon (MaLR) family,
which causes a frame shift and protein truncation before the
sterol sensing domain (5, 6). These animals display biochemical
and neurological features similar to the human disease (7).

To study the cellular and subcellular localization and regulation
of NPC1, we have generated polyclonal antipeptide antibodies to
human NPC1. We have shown that in cultured human fibroblasts,
NPC1 is associated with a late endocytic compartment that
functions in the vesicular movement of endocytosed cargo from
lysosomes to other cellular sites (8). Because of the unique
vulnerability of the brain in NP-C, we have here mapped the
expression of NPC1 in primate brain by light and electron
microscopic immunocytochemistry and correlated the findings
with the developmental pattern of neurodegeneration in NP-C
mouse brain by using a sensitive silver staining procedure (9). In
addition, we have investigated the regulation of NPC1 protein in
cultured human fibroblasts by sterols and agents that block
lysosomal cholesterol transport or disrupt lysosomal pH gradi-
ents. We show that NPC1 is predominantly a glial protein present
in astrocytic processes closely associated with nerve terminals, the
earliest site of degeneration in NP-C. NPC1 localizes to LAMP2
positive vesicles and to sites near the plasma membrane. NPC1
levels are not modulated by changes in cellular cholesterol
content but are increased by agents that block cholesterol trans-
port out of lysosomes or which disrupt lysosomal pH (10). In
addition to the proposed role of NPC1 in mediating retroendo-
cytic distribution of cholesterol and other lysosomal cargo, these
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results suggest that disruption of NPC1-mediated functions in
astrocytes may play a role in neuronal degeneration in NP-C.

MATERIALS AND METHODS
Animals. Monkey brain tissue for Western blots was obtained

from a colony of African Green monkeys at St. Kitts Biomedical
Research Foundation and was provided through the courtesy of
J. Elsworth and D. Redmond (Department of Psychiatry, Yale
University, New Haven, CT). For immunocytochemistry, brain
was obtained from adult male and female Macaca fascicularis
monkeys maintained at the National University of Singapore.

BALByc NPC12/2 mice were obtained from a colony main-
tained in our laboratory. The biochemical and phenotypic fea-
tures of these mice resemble human NP-C and have been
described previously (5, 7). Control animals were from a separate
colony of wild-type BALByc mice. All animal procedures were
approved by the respective Institutional Animal Care and Use
Committees and were in accordance with the U.S. Public Health
Service guide for the care and use of laboratory animals.

Cells. Normal human fibroblasts were obtained from the
American Type Culture Collection (CRL-1489) and from vol-
unteers at the Developmental and Metabolic Neurology Branch
under the guidelines approved by the National Institute of
Neurological Disorders and Stroke Intramural Review Board.
Human fetal astrocyte cultures were kindly provided by J. Antel
(Montreal Neurological Institute, McGill University). Cultures
were prepared from fetal tissue obtained by therapeutic abortion
with informed consent and approval of local hospital ethics
committees in accordance with guidelines provided by the Med-
ical Research Council of Canada. Fibroblasts were also obtained
from a neonate (‘‘MP’’) with a rapidly progressive and fatal form
of NP-C. MP was the second child with NP-C born to consan-
guinous parents. Northern blots of ‘‘MP’’ fibroblasts revealed the
complete absence of NPC1 mRNA (data not shown), indicating
that she was an NPC1 null mutant. Chinese hamster ovary (CHO)
cells from the mutant cell line CT60, which display an NP-C
phenotype, were generously provided by T. Y. Chang (Dart-
mouth University, Hanover, NH). CT60 cells transfected with
yeast artificial chromosome 911D5 (designated ‘‘D5B5’’ cells),
which contains the NPC1 gene which has been shown to correct
the NP-C phenotype, have been described (11). All cells were
cultured in DMEM containing 10% fetal bovine serum and 1%
penicillinystreptomycin.

Preparation of Antipeptide NPC1 Antibodies. Rabbit poly-
clonal antisera were raised against keyhole limpet hemocyanin
conjugates of synthetic peptides derived from the predicted
structure of NPC1 (4) as follows: NH2-CDVRQLQTLKDN-
LQLPLQF-COOH (residues 75–93), antibody NPC1-L; NH2-
YVGQSFANAMYNACRDVEA-COOH (residues 147–165),
antibody NPC1-N; and NH2-NKAKSCATEERYKGTERER-
COOH (residues 1256–1274), antibody NPC1-C. Amino acids
75–93 span the leucine zipper domain of NPC1, residues 147–165
are part of the conserved NPC domain, and residues 1256–1274
represent the penultimate portion (excluding the terminal tet-
rapeptide LLNF) of the relatively short (27-aa) carboxyl tail of
human NPC1. Antisera were screened by dot blot analysis using
the immunizing peptide as antigen. Antibodies were then affinity
purified by reacting with the immunizing peptides linked to
cyanogen bromide-activated Sepharose 4B according to the
manufacturer’s protocol (Pharmacia). Mock affinity-purified an-
tibodies were obtained by passage and elution of preimmune sera
over the affinity columns.

Western Blots. All procedures were performed on ice, because
pilot studies showed that heating to 37°C or boiling the cell or
tissue lysates resulted in .90% loss of NPC1 immunoreactivity.
Confluent fibroblast monolayers were lysed in a buffer containing
50 mM Tris (pH 8.0), 150 mM NaCl, 1% Nonidet P-40, 100 mgyml
phenylmethylsulfonyl fluoride (PMSF), and 1 mgyml aprotinin.
Tissue punches from cortex and subcortical white matter ob-
tained from frozen brain tissue of four adult African Green

monkeys were homogenized on ice in 0.32 M sucrose containing
100 mgyml PMSF and 1 mgyml aprotinin. Cell lysates and
homogenates (40–50 mg) were electrophoresed through SDSy5%
polyacrylamide gels under reducing conditions, transferred to
nitrocellulose membranes, and Western blotted for NPC1. Of the
three antipeptide antibodies, NPC1-C revealed the brightest
staining by immunofluorescence and accordingly was selected for
all Western blot and immunocytochemical analyses described
here. Immunoreactive bands were visualized by using peroxidase-
conjugated donkey anti-rabbit secondary IgG and enhanced
chemiluminescence detection (Amersham). Signals were quanti-
tated by densitometry using an LKB ultroscan XL laser densi-
tometer (Pharmacia LKB).

Amino–Cupric–Silver Staining. To determine the spatial and
temporal pattern of neurodegeneration in NP-C we performed a
sensitive amino–cupric–silver staining procedure to delineate
disintegrative changes (9). NP-C mice (1, 10, 20, 43, 61, and 72
days old) and a 70-day-old wild-type mouse were perfused
transcardially with freshly prepared, ice-cold 4% paraformalde-
hyde, and the brains were removed and embedded in a 4 3 4 array
in a gelatin matrix using MultiBrain Technology (NeuroScience
Associates, Knoxville, TN). Sections (30 mM) were obtained on
a sliding microtome (American Optical) and processed for ami-
no–cupric–silver staining. Homozygous NP-C mice 40 days and
older were identified by their characteristic neurological pheno-
type, and the homozygous status of all animals (neonatal and
adult mice) was confirmed by their reduced hepatic lysosomal
sphingomyelinase activities as described (12).

Immunocytochemistry. Four adult male and female M. fas-
cicularis monkey brains were processed for NPC1 immunocyto-
chemistry. The animals were deeply anesthetised with Nembutal
(30 mgykg i.p.), perfused transcardially with normal saline, and
perfusion-fixed with 4% paraformaldehydey0.1% glutaraldehyde
in 0.1 M phosphate buffer (pH 7.4). The brains were removed and
blocks of frontal and temporal neocortex were dissected and
post-fixed in the same fixative overnight. Sections (100 mM) were
processed for immunocytochemistry by using either horseradish
peroxidase or immunogold detection systems. For peroxidase
immunocytochemistry, sections were washed for 3 hr in PBS to
remove traces of fixative and incubated for 1 hr in 5% normal goat
serum (NGS) in PBS to block nonspecific antibody binding.
Sections were then incubated overnight with NPC1-C antiserum
(diluted 1:500 in PBS), washed three times in PBS, incubated for
1 hr at room temperature in a 1:200 dilution of biotinylated goat
anti-rabbit IgG (Vector Laboratories), and processed for light
and electron microscopic peroxidase immunocytochemistry (13,
14). For immunogold labeling, sections were incubated overnight
with NPC1-C antiserum (diluted 1:250 in buffer A: 1% NGSy
0.1% Tween 20y1% BSAy0.1% sodium azide in PBS, pH 8.2),
washed for 1 hr in buffer A, and incubated for 3 hr at room
temperature with goat anti-rabbit IgG conjugated to 1 nM gold
particles (diluted 1:100, British BioCell International, Cardiff,
U.K.). After successive 30-min washes in buffer A and PBS to
remove excess gold conjugate, sections were fixed in 1% glutar-
aldehyde for 10 min, washed in distilled water for 30 min, and then
immersed in fresh silver enhancing solution (British BioCell
International) for 20–25 min and washed thoroughly in distilled
water. Some of the sections were mounted on gelatinized slides,
dehydrated, and coverslipped, whereas others were processed
further for electron microscopy.

Electron Microscopy. Electron microscopy was carried out by
dissecting the immunoperoxidase and immunogold labeled sec-
tions into smaller rectangular portions that included the entire
thickness of the cerebral cortex. Sections were osmicated, dehy-
drated in an ascending series of ethanol and acetone, and
embedded in Araldite. Thin sections were obtained from the first
5 mm of the immunostained sections mounted on copper grids
coated with Formvar and stained with uranyl acetate and lead
citrate. They were viewed by using a Philips CM120 Biotwin or
Jeol 1200EX electron microscope.
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Confocal Microscopy. Human fetal astrocytes were grown on
glass coverslips, fixed in 4% paraformaldehyde, and processed for
double-label fluorescence colocalization of NPC1 and LAMP2 (a
marker for late endosomes and lysosomes) (8, 15) by using
NPC1-C primary antibody (1:400) with rhodamine-conjugated
anti-rabbit IgG secondary antibody (1:100) or mouse monoclonal
anti-human LAMP2 IgG primary antibody (1:250) and fluores-
cein-conjugated goat anti-mouse IgG (1:100) (8, 13, 16). The
fluorescent images were visualized on a Zeiss LSM410 confocal
microscope equipped with an ArgonyKrypton laser.

Control sections for all immunocytochemistry of NPC1 were
incubated with mock affinity-purified preimmune rabbit serum or
with NPC1-C antibody absorbed with immunizing peptide (2
mgyml).

RESULTS
Specificity of Anti-NPC1 Antibody. Western blots of normal

human fibroblasts and monkey brain homogenates revealed
NPC1 as a broad immunoreactive band of molecular mass 5165
kDa (Figs. 1 and 2). A slightly higher sized band was observed in
D5B5 cells probably because of differential posttranslational
processing of NPC1 protein in CHO cells transfected with yeast
artificial chromosome 911D5. As expected, NPC1 protein was
absent in Western blots of MP fibroblasts and CT60 cells. In
addition, it was not detected when the primary antibody was
replaced with mock affinity-purified preimmune serum (not
shown) or antigen absorbed antibody. These findings thus vali-
date the 165-kDa immunoreactive band as the NPC1 protein.

Expression of NPC1 in Monkey Brain. Peroxidase immuno-
cytochemistry of monkey brain cortex revealed immunoreactivity
confined mainly to cell processes in the neuropil (Fig. 3 B and C).
Cell bodies were either unlabeled or weakly labeled. The immu-
noreactivity observed with NPC1-C antibody was specific and was
eliminated in sections incubated with preimmune serum or with
antigen-absorbed antibody (Fig. 3A). By electron microscopy,
NPC1 immunoreactivity was localized in astrocytic processes
(Fig. 3 D and E), near the cell membrane of the soma (Figs. 3E
and 4B), and in lysosomes (Fig. 4 A–C), but was absent from the
nucleus and perinuclear cytoplasm. The absence of staining over
the central portions of the soma likely accounts for the indistinct
staining of the astrocytic cell bodies by light microscopy. NPC1
labeled processes had irregular outlines, were often present on
one side of asymmetrical synapses between unlabeled axon
terminals and dendrites, and could be traced to their parent

astrocytic cell bodies (Fig. 3E). These characteristics were iden-
tical to those reported for glutamine synthetase positive astrocytic
processes (14). Neuronal cell bodies and processes including axon
terminals, small diameter dendrites postsynaptic to axon termi-
nals, and larger diameter dendritic shafts containing parallel
arrays of microtubules were unlabeled. Other types of glial cells
with dense heterochromatin clumps in the nucleus and features
of oligodendrocytes or microglia, as well as mural cells in the walls
of blood vessels, were also unlabeled. Staining was also com-
pletely absent in the subcortical white matter.

Confocal Microscopy. By confocal microscopy (Fig. 5), rho-
damine-labeled NPC1 immunoreactivity (red) was localized pre-
dominantly in cytoplasmic vesicles in a perinuclear distribution.
Simultaneous fluorescein localization of LAMP2 (green) re-
vealed immunoreactivity in cytoplasmic vesicles distributed in
both a perinuclear and peripheral pattern (Fig. 5 Middle). Over-
lapping of the NPC1 and LAMP2 immunoreactive images (yel-
low) revealed NPC1 in a subset of perinuclear LAMP2 positive
vesicles (Fig. 5 Bottom).

Neurodegenerative Changes in NP-C Mouse Brain. To char-
acterize the temporal and spatial pattern of neurodegeneration in
NP-C mice, whole brains of control and affected mice were
characterized neuropathologically by using an amino–cupric–
silver stain to delineate disintegrative changes (Fig. 6) (9). In
contrast to normal mice that showed a complete absence of silver
labeled structures in the cortex (Fig. 6A), NP-C mice showed
degeneration within the neuropil of the cortex and in white matter
tracts including the corpus callosum in animals as early as 22 days
of age (Fig. 6B). The amount of degeneration increased with age,
and in sections of older mice densely stained cell bodies were
observed in the cortex in addition to the dense staining of the
neuropil (Fig. 6C). Because NP-C mice do not display neurolog-
ical symptoms until about 40 days of age, these findings suggest
that there must be considerable cumulative neurodegeneration
before phenotypic signs are manifest. Marked degeneration was
also observed in the neuropil in the hippocampus although very
few degenerating cell bodies were observed in the strata pyra-
midale and granulosum (Fig. 6C).

Modulation of NPC1 in Cultured Fibroblasts. NPC1 has a
putative membrane-associated sterol-sensing domain similar to
that of HMG CoA reductase, whose activity is known to be
modulated by changes in cellular cholesterol content. For in-
stance, in cultured cells, HMG CoA reductase is rapidly degraded
when cellular sterol levels rise and its synthesis is suppressed by
oxysterols such as 25-hydroxycholesterol and 7-ketocholesterol
(17). To assess whether NPC1 is regulated by sterols, we deter-
mined changes in NPC1 protein levels in cultured fibroblasts
incubated with LDL or oxysterols. As shown in Table 1, there was
no significant change in NPC1 content in fibroblasts incubated
with either of these two agents indicating that NPC1 is not

FIG. 1. Western blot analysis with NPC1-C antibody of normal
human fibroblasts (C), fibroblasts from an NP-C patient (NP-C), CHO
cells from the mutant cell line CT60 that display an NP-C phenotype
(CT60), and CT60 cells transfected with yeast artificial chromosome
911D5 containing the NPC1 gene (D5B5). Normal fibroblasts express
NPC1 as a 165 kDa protein that is absent in NP-C fibroblasts and in
CT60 CHO cells. A slightly larger sized NPC1 band is observed in
D5B5 cells probably because of differential posttranslational process-
ing of NPC1 in CHO cells. The NPC1 immunoreactive band is
completely abolished by preincubation with antibody absorbed with
NPC1-C peptide. Representative of three separate experiments.

FIG. 2. Western blots of monkey brain homogenates of right dorso-
lateral frontal (65R) and left orbital frontal (60L) cortex. NPC1 is
detected as a 165-kDa immunoreactive band that is completely abolished
by preincubation of NPC1-C antibody with immunizing peptide.
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modulated by changes in overall cellular cholesterol content. In
contrast, incubation of fibroblasts with drugs that are known to
block the transport of cholesterol out of lysosomes, e.g., proges-

terone or the amphipathic amine U-18666A, or with the lysoso-
motropic agent NH4Cl, resulted in a 2- to 3-fold increase in NPC1
protein (Table 1).

FIG. 3. Expression of NPC1 in monkey temporal cortex by light (A–C) and electron microscopic (D and E) peroxidase immunocytochemistry.
(A) Control section incubated with antigen-absorbed NPC1-C antibody showing complete absence of staining. (B) Layer three of cortex showing
NPC1 immunoreactivity localized predominantly in processes in the neuropil (*). (C) Higher magnification of layer three showing unlabeled cell
bodies (*) surrounded by large numbers of NPC1 positive processes (arrows). (D) Astrocytic process (P) in the neuropil. These processes are present
at the sides of asymmetrical synapses (arrows in D and E) between unlabeled axon terminals (AT) and dendrites (DE). (E) Same process (P) as
in D, on the side of an asymmetrical synapse (arrow) between an unlabeled axon terminal (AT) and dendrite (DE). The process can be traced to
its parent cell body. Label is present in the process and near the cell membrane of the soma (arrowheads), but is absent from the nucleus (N) and
more central regions of the cytoplasm. [Bars 5 16 mm (A and C), 80 mm (B), 0.3 mm (D), and 1 mm (E).]

FIG. 4. Electron micrographs showing the distribution of NPC1 immunoreactivity by immunogoldysilver labeling in monkey frontal cortex. (A)
Cell body of an astrocyte showing goldysilver complexes at the periphery of the cell (arrows) and in association with a lysosome (L, arrowhead).
Label is absent from the nucleus (N) and the perinuclear cytoplasm. (B) Higher magnification of A showing a punctate pattern of goldysilver
complexes near the cell membrane (arrows) and on the lysosome (L, arrowhead). The nucleus (N) and mitochondria (M) are unlabeled. (C)
Gold-labeled lysosomes (L, arrowheads) and unlabeled mitochondrion (M) from another astrocyte. [Bars 5 1.8 mm (A) and 0.7 mm (B and C).]
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DISCUSSION
In this study, we have mapped the expression of NPC1 in brain
by light and electron microscopic immunocytochemistry and
shown that it is predominantly a glial protein present in astrocytic
processes closely associated with synapses. We demonstrate that
neurodegeneration in NP-C brain is established well before the
appearance of neurological symptoms and that terminal axonal
and dendritic fields, which are closely associated with NPC1-
containing perisynaptic astrocytic processes, are the earliest struc-
tures to degenerate.

In cultured human astrocytes we found NPC1 in the cores of
LAMP2 containing cytoplasmic vesicles. A similar vesicular
localization of NPC1 has also been found in fibroblasts in which
NPC1 is a component of a subset of cholesterol-free late endo-
somes that interact transiently with LDL-derived cholesterol-
enriched lysosomes (8). By kinetic analysis of the clearance of
endocytosed [14C]sucrose, NPC1 was shown to function in the
retroendocytic transport of lysosomal cargo including cholesterol

(8). Localization of NPC1 to the cores of LAMP2 positive vesicles
appears to be obligatory for its cholesterol mobilizing function
because mutation of the conserved cysteine residues in the NPC
domain results in a protein that fails to localize to the central core
of cholesterol-laden lysosomes in CT60 cells and deletion of the

FIG. 5. Confocal microscopic images of cultured human astrocytes
showing localization of NPC1 by rhodamine fluorescence (red),
LAMP2 by fluorescein fluorescence (green), and colocalization of the
two antigens (yellowyorange). NPC1 is present in perinuclear cyto-
plasmic vesicles. LAMP2 localizes to cytoplasmic vesicles distributed
around the nucleus as well as in the periphery of the cell (Middle).
Overlapping the images reveals colocalization of NPC1 within the
cores of LAMP2 positive vesicles (Bottom).

FIG. 6. Neurodegeneration in NP-C mouse brain revealed by
amino–cupric–silver staining. (A) Layers I–III of the cortex of a
22-day-old normal mouse showing absence of degenerating structures.
(B) Section through the temporal neocortex (CX), corpus callosum
(CC), cornu ammonis field CA1 (CA), and dentate gyrus (DG) of a
22-day-old NP-C mouse. Many degenerating terminals are present in
the neuropil of the cerebral cortex (*), although there are few labeled
cell bodies (c.f., C). (C) Section through the temporal neocortex,
corpus callosum (CC), cornu ammonis field CA1 (CA), and dentate
gyrus (DG) of a 72-day-old NP-C mouse. Large numbers of labeled
cell bodies are present in the cerebral cortex (arrows) in addition to the
degenerating terminals. Marked degeneration is also observed in the
neuropil of the hippocampus, although few degenerating cell bodies
are observed in the strata pyramidale (SP) and granulosum (SG).
[Bars 5 250 mm (A and B) and 330 mm (C).]

Table 1. Regulation of NPC1 protein by sterols and
lysosomotropic agents in cultured human fibroblasts

Culture conditions NPC1

LPDS 100
LDL 114
25-hydroxycholesterol 110
7-keto cholesterol 111
U-18666A 215
Progesterone 244
NH4Cl 270

Normal human fibroblasts were grown to confluency in Eagle’s
MEM supplemented with 10% FBS, followed by incubation for 3 days
in McCoy’s medium containing 5% LDL-deficient serum (LPDS)
(medium A). Cells were trypsinized and seeded in medium A for an
additional 3 days with or without LDL (10 mgyml), 25-hydroxycho-
lesterol (2 mgyml), 7-keto cholesterol (2 mgyml), progesterone (10
mgyml), the amphipathic amine U-18666A (2 mgyml), or NH4Cl (10
mM). Cell extracts were analyzed by western blots for NPC1 and
immunoreacive bands quantitated by densitometry. Results are ex-
pressed relative to LPDS taken as 100%. Representative of three
separate analyses.
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C-terminal tetrapeptide (LLNF) causes NPC1 to remain in the
endoplasmic reticulum (18). Both NPC1 mutations resulted in
mutant NPC1 proteins that failed to mobilize lysosomal choles-
terol in CT60 cells. Given such a role for NPC1 in vesicular
trafficking, our finding of its localization in perisynaptic astrocytic
processes raises the possibility that defective vesicular transport of
cholesterol may be an important factor leading to the neurode-
generation in NPC. A trafficking pathway for delivery of nutrients
and metabolites between astrocytes and neurons is supported by
previous studies. Astrocytes have been implicated in the delivery
of glucose and lactate to neurons (19) and are known to play an
important role in the uptake and recycling of neuronally released
glutamate (20). In this respect it is of interest that glutamine
synthetase in human cerebral cortical astrocytes is localized in a
manner that closely resembles the perisynaptic astrocytic local-
ization of NPC1 in this study (16).

NPC1 belongs to the family of membrane bound proteins,
which include HMG CoA reductase, SCAP, and PATCHED,
that share sequence similarity in their transmembrane domains
(4). The conserved transmembrane domains in these proteins
have been implicated as putative sterol sensors because the
presence of such a domain is both necessary and sufficient for the
sterol-mediated degradation of HMG CoA reductase (21, 22).
We found that fluctuations in cellular cholesterol do not alter
NPC1 levels. Thus, the putative sterol-sensing domains of NPC1
may be responsive to changes in vesicular membrane cholesterol
and modulate vesicular function as has been suggested previously
(8). Agents that block cholesterol transport out of lysosomes or
that disrupt lysosomal pH increase its concentration 2- to 3-fold.
Because progesterone traps NPC1 in cholesterol-laden lysosomes
(8), it is possible that the increased accumulation of cellular NPC1
protein induced by such drugs is due to abnormal sequestration
andyor reduced turnover of the protein in lysosomes.

There are a number of distinctive features of cholesterol
metabolism in brain compared with peripheral tissues. In the
brain and spinal cord, cholesterol is synthesized almost exclusively
in situ with very slow turnover and little contribution from the
plasma (23–26). By differential analysis of lipid synthesis in
neuronal somata and axon terminals of cultured rat sympathetic
neurons, Vance et al. (27) found that axons have the capacity to
synthesize phospholipids and sphingomyelin, but not cholesterol.
This suggests that neuronal processes may have a requirement for
cholesterol delivery from exogenous sources such as astrocytes. In
this respect, it is of interest that several apolipoproteins that
mediate cholesterol transfer functions in plasma, as well as
lipoprotein receptors such as the LDL receptor (LDLR) and
LDLR-related protein (LRP), are also expressed in neural tissues
(28–30). Functional disruption of the LDLR and apoE genes in
mice, however, do not cause gross neurological abnormalities (31,
32), and neither apoE nor apoA1 within lipoproteins are essential
for axonal growth in vitro (33). On the other hand, apoD, a
cholesterol binding protein that is synthesized in large amounts by
regenerating nerves, is induced more than 30-fold in NP-C mouse
brain (34–36). Both apoD and apoE are normally secreted
constitutively from cultured astrocytes, whereas secretion of
apoD (but not apoE) from NP-C astrocytes is markedly reduced
(37). In addition, apoD, but not apoE, secretion from normal
astrocytes is differentially stimulated by the oxysterol 25-
hydroxycholesterol, suggesting that this process is sterol depen-
dent. Taken together with our current observation of the astro-
cytic localization of NPC1 and its role in vesicular trafficking (8),
neuronal degeneration in NP-C may be linked to deficient NPC1
and apoD-mediated lipid transport in neural cells.

NPC1 appears to play a role in vesicular trafficking in glia, a
process that may be crucial for maintaining the structural and
functional integrity of nerve terminals. This notion is supported
by the findings that (i) NPC1 is expressed in perisynaptic pro-
cesses of astrocytes and (ii) mutations of NPC1 result in degen-
eration of terminal fields of axons and dendrites before degen-
eration of neuronal cell bodies. Further studies designed to

correlate the spatial and temporal pattern of neurodegeneration
and lipid storage in NP-C with NPC1 expression could provide
insights into the role of NPC1 in lipid trafficking in the brain.
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